At 5 TeV center-of-mass energy, collective effects are a prominent feature of electron-positron collisions, contributing to backgrounds and energy-spread, and suggesting a practical limit on the charge per bunch. To circumvent such collective phenomena we examine collision of neutral beams, with particular attention to the effect of mismatch and instability.
INTRODUCTION
The exploration of high-energy physics has progressed over the last 50 years only by continuous and inspired invention [l] . Today, blessed with a surfeit of predictions for the 5 TeV frontier [2] , we are unable to reach the energy required. The problem, for linear colliders is this: to reach high luminosity with a reasonable site power we must produce small beams in collision. However, small beams interact collectively and pinch each other [3] .
As a particle encounters the oncoming beam at the interaction point, its trajectory is bent and it radiates "beamstrahlung" photons, with a spectrum characterizd by the parameter , the ratio of average photon energy to incident electron energy. Here re = 2 . 8 2~1 0 '~ cm is the classical electron radius and Nb is the number of particles per bunch. The quantity R = alay is the aspect ratio of the beam at the IP, a , and ay are the rms spot sizes in collision, a, is the rms bunch length, and y=Ec,,/2mc2 is the Lorentz factor for an electron.
It 
The relatively long bunch length has implications. For a linac operating with a pure sinusoidal accelerating waveform (i.e., a conventional linac), the bunch length constrains the linac wavelength to A -53a4iYR, where 6 is the percent rms energy spread for the beam. The momentum bandwidth of the final focus system [SI constrains 6. For example 6 -0.2% implies a linac operating at S-Band or longer wavelengths. Gradients are limited at long wavelengths due to breakdown and trapping [6] and even at a gradient of 50 MeV/m, the linac complex would occupy 100 km. These numbers could be relaxed, with non-interleaved chromatic correction, or harmonic rf energy spread compensation, or with a breakthrough in the understanding of breakdown. Regardless, the disruption parameter is sufficiently large that the beams would be violently unstable in collision.
One way out of this dilemma is to relax the constraint on Y, and accept and deal with the copious pair production that would result. In this case, one could contemplate a machine at wavelengths of cm, gradients as high as 200 MeV/m, and a linac 25 km long. There is a second alternative, and this is the subject of the present work.
NEUTRAL BEAM COLLISIONS
We consider luminosity production by collision of two neutral beams, each consisting of two co-propagating e+ and e-beams. We put aside the issue of initial state tagging. Parameters we have in mind are aX=oy I or -2 nm, py -220 pm, E, = E , ,~ -lxlO-'m-rad, f -550Hz, eN, -2nC. Corresponding two-beam parameters are 6 -1, Y -3x104, 77 -1%. As a check of consistency, we take note of the Oide limit [7] , arising from synchrotron radiation in the final focus, where the function F depends on the optics, and is of order unity. The bunch length is subject to O, I py, and the uncompensated disruption parameter Dy -1.40, (pm).
We consider next, what collective limits arise in this system. As noted by Balakin and Solyak [8] and Rosenzweig et a1 [9] neutralized beams in collision suffer from a charge separation instability. A minute deviation from neutrality is amplified as the like-charge beams repel each other. This effect needs to be evaluated quantitatively, and a strong-strong, multi-particle simulation has been written for that purpose. The following section describes that simulation and the work that has been done to date to verify it.
INSTABILITY OF NEUTRAL BEAMS
We employ a particle-in-cell simulation based on a three dimensional grid with charge allocation by area weighting in the transverse plane, and solution of Poisson's equation in the transverse plane. The transverse algorithm is described in references [ 10, 111, and is best suited for approximately round beams which is the case of interest. The modification of previous work for this paper is that the simulation has been made strong-strong by splitting the beams into a number of slices longitudinally. For the results reported in this paper the azimuthal bin size was M8, the radial bin size was 0.010, and there were 16 longitudinal slices, with lo5 particles/slice/beam.
The charge separation instability can be solved analytically (see next paragraphs) for uniform charge density beams with the assumption that the beam radius is constant through the collision, and the simulation has been tested by comparing results with this analytical solution. 
Figure 3: Centroid separation normalized to the initial offset for the left moving beams that were not offset initially. The circles are from the simulation, and the solid curve is the analytical result.
The separation of the left moving beams for this case is These two equations can be compared with simulation results. Figures 2 and 3 show the results for the case of for D = 5 and 2N0r = 0.05. The simulation and calculation are in good agreement. We consider this to indicate that the simulation is correct and can be used to study tolerances for realistic situations including Gaussian profiles and unequal charges. We have developed and tested a simulation that can be used to make quantitative estimates of tolerances in neutral beam collisions.
CONCLUSIONS

